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MONTANE CATCHMENT 
 
 Soil moisture plays an integral role in many ecohydrologic processes and applications, 
particularly in semiarid environments. While interactions between vegetation and soil moisture at greater 
depths are relatively well understood, less is known about soil moisture at depths of 5 cm or less. In this 
study we investigate the impact of woody vegetation on shallow soil moisture dynamics for forested and 
shrubland ecosystems in a semiarid montane catchment. Instrumentation was installed on a forested 
north-facing hillslope (NFS) and a south-facing hillslope (SFS) vegetated primarily by shrubs at three 
types of locations: open or intercanopy, under mountain mahogany (Cercocarpus montanus) shrubs, and 
under ponderosa pine (Pinus ponderosa) trees. Rain gauges and pyranometers were installed to assess the 
impact of interception and shading, while time-domain reflectometry (TDR) probes were inserted into the 
top 5 cm of the soil to monitor hourly soil moisture. The observations suggest that interception reduces 
throughfall to about 25-50% of rainfall under the mountain mahogany and ponderosa pines. Shading is 
important for all locations on the NFS (PET ~ 20% of the SFS open location), but less shading occurs 
under the SFS mountain mahogany (PET ~ 40% of the SFS open location). Shallow soil under all 
vegetation types is typically wetter than at the SFS open location for dry conditions and drier than the 
SFS open location for wet conditions. Average shallow soil moisture is higher under all vegetation types 
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CHAPTER 1 INTRODUCTION 
 
 
Soil moisture plays an integral role in many ecohydrologic processes and applications. 
The portions of rainfall that become infiltration and runoff, for example, are largely determined 
by soil moisture (Dunne and Black, 1970). Impacts of soil moisture on evapotranspiration (ET) 
and the surface energy fluxes also affect regional weather and climate (Entekhabi, 1995; Koster 
et al., 2004). Competition within plant communities for resources such as soil moisture can 
significantly impact their composition and structure (Lauenroth et al., 1993; D'Odorico et al., 
2007; Segoli et al., 2012). Soil moisture also affects soil processes, such as the development of 
calcium carbonate horizons (Gutierrez-Jurado et al., 2006). Due to these influences and many 
others, applications involving soil moisture are abundant and include weather forecasting, flood 
forecasting, agricultural production, and watershed and land management. 
The presence of vegetation has an important influence on many components of the soil 
water balance.  During rainfall events, plants alter the quantity and spatial distribution of 
infiltration by redistributing rainfall into canopy storage, stemflow, and throughfall. The amount 
of water lost to interception and partitioned into stemflow can vary significantly due to plant 
species and structure as well as season of the year (Helvey, 1971; Levia and Frost, 2003; Gerrits 
et al., 2010).  In a Sitka Spruce (Picea sitchensis (Bong.) Carr.) plantation, Ford and Deans 
(1978) observed throughfall patterns with the highest throughfall amounts close to the tree trunk 
for rainfall amounts between 20 and 40 mm/wk (throughfall patterns were less distinct outside 
this range). However, in a Norway Spruce (Picea abies (L.) Karst.) forest, Beier et al. (1993) 
found that throughfall was greatest away from the trunk potentially due to the translocation of 
water by downward-sloping branches and thinner canopy cover away from the trunk. Similarly, 
Voigt (1960) found soil moisture to be higher near the drip line during rainfall due to thinner 
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canopy cover and canopy drip, but Pressland (1976) found no distinct soil moisture patterns 
traceable to throughfall. In shrubland ecosystems, wind direction has been shown to exert a 
substantial influence on the distribution of throughfall.  In particular, the leeward side of shrubs 
can experience less throughfall than the windward side (Katra et al., 2008). Voigt (1960), 
Pressland (1976), and others (Levia and Frost, 2003; Sansoulet et al., 2008; Li et al., 2013) have 
shown that stemflow can contribute considerably to soil moisture near the plant base, and it is 
instrumental in storing water at greater soil depths. On hillslopes, stemflow effects can be 
localized to the downslope side of vegetation bases (Liang et al., 2007). Vegetation patches can 
also obstruct and retain surface runoff from upslope intercanopy areas.  Ludwig et al. (2005), for 
example, documented that the soils of vegetation patches in semiarid savannas, woodlands, and 
shrublands contain more water than intercanopy patches because of their ability to obstruct and 
retain surface runoff. 
The presence of vegetation can also influence soil infiltrability. Studies have found 
higher infiltrability for subcanopy soils due to many factors including the protection of the soil 
surface by leaf litter, enhanced aggregation of soil particles, and more developed macropore 
networks (Dunkerley, 2000; Wilcox et al., 2003). Owing to these effects, the magnitude of 
infiltration and soil moisture has been shown to be higher under vegetation than intercanopy 
areas under certain conditions (Bhark and Small, 2003). This may not be true for all contexts, 
however. Moran et al. (2010) found that infiltration and soil moisture are not significantly 
different between canopy and intercanopy locations except at depths of 15 and 30 cm where 
lower soil moisture under vegetation was attributed to root water uptake. Caldwell et al. (2008) 
found the saturated hydraulic conductivity of soils under shrub canopies in the Mojave Desert to 
be lower than in intercanopy areas. Decomposing plant material can induce soil water repellency 
3 
 
and influence spatial patterns of infiltration as well (Doerr et al., 2000; Buczko and Bens, 2006). 
While water on a hydrophilic surface spreads into a continuous film, water on a hydrophobic 
surface beads up into individual droplets, which inhibits infiltration. Dekker and Ritsema (2000) 
demonstrated that rain which falls on water repellent sand does not penetrate evenly but 
infiltrates through narrow channels, leaving the soil between these channels dry and causing 
considerable spatial variation in the moisture content. In certain contexts, the spatial variability 
of soil water repellency has been shown to be related to the proximity to the plant base, where 
repellency decreases with distance from the stem (Keizer et al., 2005).  
Processes involving outflows from the soil, such as ET, are also substantially affected by 
the presence of vegetation. While roots remove water from the soil at greater depths to supply 
transpiration, vegetation canopies simultaneously shade the soil surface and reduce soil 
evaporation (Breshears et al., 1998). In addition to the canopy, organic matter resting above the 
soil surface can also reduce evaporation (Murphy et al., 2004). Potts et al. (2010) examined the 
temporal dynamics of soil moisture under and between velvet mesquite (Prosopis velutina  
Woot.) trees at several depths. In shallow layers, the frequency of extremely dry conditions was 
reduced relative to bare soil, likely because of the ability of the canopy to shade the soil surface 
and reduce soil evaporation. At greater depths, however, the frequency distribution of soil 
moisture was shifted to significantly lower values under the canopy because the root systems 
deplete soil moisture at these depths. Roots, however, not only deplete soil moisture but also can 
increase it via hydraulic redistribution, where water is reallocated to drier soil layers during the 
nighttime (Brooks et al., 2002). Such behavior has been shown to stimulate diurnal fluctuations 
in soil moisture (Amenu and Kumar, 2008). 
4 
 
 As this brief review demonstrates, many studies have examined the multifaceted effects 
of vegetation on soil moisture.  However, relatively few studies have focused on semiarid 
environments and even fewer concentrate on the dynamics of shallow (0-5 cm depth) soil 
moisture, which are expected to differ from those of deeper layers. Most rainfall events are small 
in semiarid climates, so they might only wet the top few centimeters of the soil.  This moisture is 
then depleted rapidly by soil evaporation (Kurc and Small, 2004; Cavanaugh et al., 2011), which 
has been shown to be restricted to the top 10 cm of the soil in certain semiarid ecosystems 
(Newman et al., 1997). 
To understand how the presence of trees impacts shallow soil moisture in dryland 
ecosystems, D'Odorico et al. (2007) examined differences between canopy and intercanopy soil 
moisture under a variety of tree species and climates associated with different levels of aridity. 
Their results indicate that shallow soil moisture is typically higher under the canopy than at 
intercanopy locations and that this contrast increases with increasing levels of aridity.   However, 
the most shallow depth at which soil moisture was measured was at 10 cm, which may be at the 
fringe of the evaporation front (Newman et al., 1997) and therefore may not exhibit the full 
effects of evaporation. Potts et al. (2010) studied the effect of velvet mesquite trees in a semiarid 
savanna on the temporal variation of shallow soil moisture (2.5-5 cm) and found a reduction in 
high-frequency variation because the canopy moderates the effects of rainfall and evaporation. 
Neither D'Odorico et al. (2007) nor Potts et al. (2010) considered spatial variations of soil 
moisture within areas that are underneath the canopy, which may be important because the 
effects of vegetation can vary with proximity to the plant base and direction relative to the 
topographic slope (Voigt, 1960; Keizer et al., 2005; Liang et al., 2007). Pariente (2002) studied 
how the presence of semiarid shrubs affect shallow soil moisture (0-10 cm) and found that soil 
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moisture decreases with distance from the shrub bases and from the upslope to downslope 
direction of shrubs. The radial gradient was attributed to higher infiltration rates, overland flow 
that was captured from intercanopy areas during rainfalls, and lower evaporation rates under the 
canopy due to shading.  The downslope gradient was attributed to the distribution of rock 
fragments on the hillslope and their effects on infiltration and evaporation. Continuous 
measurements were not available for this study, which might help detect differences in soil 
moisture dynamics under different cover types (Bhark and Small, 2003). In addition, similar to 
both D'Odorico et al. (2007) and Potts et al. (2010), Pariente (2002) compared canopy and 
intercanopy locations for a given ecosystem.  They did not compare the dynamics between 
different ecosystems in the same climate, which might behave differently. 
The objectives of the present study are to characterize the effects of the vegetation on 
shallow soil moisture dynamics for both forested and shrubland ecosystems in a semiarid 
montane catchment.  In particular, we aim to (1) understand how mountain mahogany 
(Cercocarpus montanus) and ponderosa pine (Pinus ponderosa) canopies impact throughfall and 
ET and (2) examine how these effects impact the dynamics of shallow soil moisture. To meet 
these objectives, observations were collected for soil water repellency, throughfall, insolation, 
and shallow soil moisture at multiple canopy and intercanopy locations, which are described in 
Chapter 2 and Chapter 3.  Chapter 4 explains statistical analyses that were performed for weather 
and soil moisture data underneath and between canopies of ponderosa pine and mountain 
mahogany shrubs in forest and shrubland ecosystems. Chapter 5 describes a simple conceptual 
model that was used to interpret the differences in soil moisture at each observed location by 
comparing calibrated parameter values associated with interception and shading. Lastly, the 
conclusions are summarized in Chapter 6.  
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CHAPTER 2 STUDY AREA CHARACTERISTICS 
 
 
The study was conducted within a catchment of the Cache la Poudre basin near Rustic, 
Colorado (latitude 40
o
41’57” N, longitude 105
o
30’25” W: see Figure 1). The area has a semiarid 
climate with approximately 400 mm of annual precipitation and 930 mm of annual potential 
evapotranspiration (PET) on average (Coleman and Niemann, 2013). Snowfall provides a 
considerable portion of annual precipitation, averaging about 150 cm/yr in depth and occurring 
mainly between October and May (Arguez et al., 2012). The catchment drains mainly to the east 
and contains a south-facing slope (SFS) and a north-facing slope (NFS).  In total, the catchment 
is approximately 8 ha with a total relief of 124 m. The study area is included in the Southern 
Rockies ecoregion (Omernik, 1987) with aspect-dependent vegetation and soils.  
The SFS is primarily a shrub/scrub ecosystem (Fry et al., 2011) that contains abundant 
mountain mahogany  and antelope bitterbrush (Purshia tridentate) with a few ponderosa pine 
and Rocky Mountain juniper (Juniperus scopulorum Sarg.) widely spaced throughout the slope. 
The mountain mahogany shrubs typically stand between 0.5 and 2.0 m tall and extend laterally 
between 0.3 and 1.0 m between the base and the drip line. Shrubs are spaced sporadically on the 
slope with denser areas containing intercanopy regions of roughly 0.5 m and sparser areas 
providing several meter distances between shrubs. Individual ponderosa pine trees on the SFS 
generally contain more limbs lower on the trunk than those on the NFS and thus tend to extend 
wider laterally near the base and have denser canopy cover. Cacti and herbaceous vegetation are 
also scattered on the SFS. Previous measurements of litter depths on a 15 m grid at the catchment 
indicate that litter on the SFS is about 2 cm deep on average (Lehman and Niemann, 2013).  
 The NFS is an evergreen forest ecosystem (Fry et al., 2011) consisting mainly of 




Figure 1. Map and aerial photos of the study area with the clusters of instrumentation 
noted on the south-facing slope (SFS) and north-facing slope (NFS) 
 
Mountain juniper, and common juniper (Juniperus communus L.). Mountain mahogany and 
antelope bitterbrush are also distributed throughout the slope.  They occur as understory but are 
found mainly in open areas and near ridges. Mountain mahogany shrubs on the NFS have similar 
sizes to those on the SFS. Most pine trees on the NFS are roughly 10 m tall with a diameter at 
8 
 
breast height (DBH) of about 20 cm, but a small number of larger trees stand a few meters taller 
and have trunks reaching a DBH of about 40 cm.  Minimal herbaceous vegetation exists on this 
slope. Measurements of litter depth on the NFS suggest that it averages about 4 cm (Lehman and 
Niemann, 2013). 
Previous analyses of soil samples that were collected on a 30 m grid at the catchment 
(Lehman and Niemann, 2013) show that soils on both slopes are mostly sandy loam with a few 
areas interspersed on both slopes that contain either higher sand content (loamy sand) or higher 
clay content (sandy clay loam). Larger rocks are prevalent in soils throughout the catchment. 
Differences in soil texture exist between NFS and SFS, with the NFS having higher silt contents 
than the SFS. Furthermore, there is more organic matter on the soil surface of the forested 
portions of the catchment and therefore potentially higher organic content in their shallow soils.  
For the present analysis, soil samples were collected and analyzed using the same 
procedures as Lehman and Niemann (2013) at four types of locations:  SFS shrubland 
intercanopy locations (called SO to denote a south-facing open site), underneath SFS mountain 
mahogany shrubs (called SM), at NFS forest intercanopy locations (NI), and underneath NFS 
ponderosa pines (NP). Table 1 lists the acronyms and associated meanings of all locations 
described in this paper. Six samples were analyzed for SO, six samples were analyzed for SM, 
three samples were analyzed for NI, and four samples were analyzed for NP. Table 2 shows the 
average percent sand, silt, and clay for these four location types.  While the differences are small, 
silt is more abundant at the NI and NP locations than the SO and SM locations, which is 
consistent with the results of Lehman and Niemann (2013).  In addition, for both hillslopes, silt 










SO South-facing open locations where soil samples were collected 
SO1 South-facing open location where MED tests were performed 
SO2 South-facing open location where combo unit is located 
SO3 South-facing open location where soil moisture probe is located 
SM South-facing mountain mahogany locations where soil samples were collected 
SM1 South-facing mountain mahogany location where MED tests were performed 
SM2 South-facing mountain mahogany location where combo unit is located 
SM3 South-facing mountain mahogany location soil moisture probes are located 
SP1 South-facing ponderosa pine location where MED tests were performed 
SP2 South-facing ponderosa pine location where soil moisture probes are located 
NI North-facing intercanopy locations where soil samples were collected 
NI1 North-facing intercanopy location where MED tests were performed 
NI2 North-facing intercanopy location where combo unit is located 
NI3 North-facing intercanopy location where east soil moisture probe is located 
NI4 North-facing intercanopy location where west soil moisture probe is located 
NM1 North-facing mountain mahogany location where MED tests were performed 
NM2 North-facing mountain mahogany location where combo unit is located 
NM3 North-facing mountain mahogany location where soil moisture probes are located 
NP North-facing ponderosa pine locations where soil samples were collected 
NP1 North-facing ponderosa pine location where MED tests were performed 
NP2 
North-facing ponderosa pine location where combo unit and soil moisture probes 
are located 
 
suggests that the reason silt is more abundant on the NFS is the abundance of vegetation on that 
hillslope. 
Soil water repellency has been found under semiarid vegetation and is known to impact 
moisture dynamics (Dekker and Ritsema, 2000; Buczko and Bens, 2006), so tests were 
performed to investigate the severity of soil water repellency at the catchment. The Molarity of 
Ethanol Droplet (MED) test was used to assess surface water repellency (Roy and McGill, 2002). 
This test indirectly measures the surface tension of a soil by iteratively placing drops with 
varying concentrations of ethanol onto the soil until droplet entry is observed within 10 s. For 
this study, solutions were prepared using tap water and a denatured ethanol source (containing 
90-100% ethanol and ≤ 10% methanol, methyl isobutyl ketone, and ethyl ester as denaturing  
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Table 2. Averaged soil texture and estimated soil hydraulic characteristics (
s
K  and  ) for 
SFS open locations (SO), underneath SFS mountain mahogany shrubs (SM), at NFS forest 
intercanopy locations (NI), and underneath the NFS ponderosa pine canopy (NP) 
 
Location Type Sand (%) ( 

) Silt (%) ( 





K (mm/hr)   
SO 68.5 (7.0) 20.7 (3.9) 10.8 (4.1) 39.6 12.2 
SM 66.7 (1.4) 23.1 (1.0) 10.2 (0.9) 38.0 12.0 
NI 66.4 (2.1) 25.3 (2.1) 8.3 (2.9) 38.8 11.4 
NP 62.8 (3.2) 27.1 (2.3) 10.1 (1.0) 33.9 12.0 
 
agents) in increments of 0.2 M up to a 6 M concentration. Droplets were placed on the soil 
surface (litter was removed, if present) at six location types. On the SFS, the location types were 
intercanopy (SO1), under a mountain mahogany (SM1), and under a ponderosa pine (SP1).  On 
the NFS, the locations were intercanopy (NI1), under a mountain mahogany (NM1), and under a 
ponderosa pine (NP1).  One test each was performed at SO1 and NI1, and eight tests were 
performed for each vegetation type (SM1, SP1, NM1, and NP1). Tests were performed in May 
2013 during a relatively dry period. Because soil water repellency depends on soil moisture, the 
gravimetric water content was determined for each sample and ranged from 3% to 11%. After 
testing, the results were referenced to qualitative scales that rate MED results in terms of the 
severity of water repellency (King, 1981). 
Figure 2 shows the MED results.  For location types where repellency was tested at more 
than one site (under vegetation), the shaded columns show the average value for each location 
type, while the results of each test are plotted as points. MED values at the open and intercanopy 
locations (SO1 and NI1) indicate that no measurable soil water repellency is present.  This result 
is consistent with Schnabel et al. (2013) who found that areas not covered by organic matter are 
hydrophilic. Additionally, all average values under vegetation are considered low (≤ 1.0 MED) 
according to King (1981). Of all the samples under vegetation, only a few were considered to 
11 
 
have moderate (1.2-2.2 MED: 3 samples) or severe (2.4-3.0 MED: 2 samples) soil water 
repellency and were not associated with any clear spatial pattern surrounding the plant base. 
Average MED values are larger for soils under ponderosa pine than soils under mountain 
mahogany on their respective slopes. This result may be due to differences in the amount of litter 
that accumulates under each plant type or differences in the wax in the litter (Verheijen and 
Cammeraat, 2007; Schnabel et al., 2013). In addition, average MED values are larger for the 
NFS than the SFS, which is likely due to the thicker organic layer that occurs on the NFS. MED 
tests were repeated in the laboratory following Roy and McGill (2002) and water repellencies 
fell in a similar range as in the field. Thus, soil water repellency is expected to be low in general 
and only impact soil moisture at a few localized points under vegetation. 
 
Figure 2. Molarity of ethanol droplet (MED) penetrating the soil surface within 10 s for 
each sample (points) and average MED at each location (columns) for SO1, NI1, SM1, SP1, 
NM1, and NP1. Gravimetric water contents are 3% (SO1), 9% (NI1), 7% (SM1), 7% 





CHAPTER 3 FIELD INSTRUMENTATION 
 
 
Extensive instrumentation was installed in the catchment to analyze how the presence of 
mountain mahogany and ponderosa pine affects shallow soil moisture.  The measurements were 
collected for three years between April 2011 and August 2013, but the two winter periods were 
excluded (October 2011 to April 2012 and November 2012 to May 2013) to avoid the effects of 
snowpack and frozen soil. In addition, one period of data from early August to mid-September 
2011 was not collected due to equipment failure. 
Much of the instrumentation was focused on estimating the PET and throughfall for the 
various location types on the NFS and SFS.  Figure 1 shows where the instrumentation is 
clustered on each hillslope, while Figures 3a and 3b provide schematic diagrams of the 
instrumentation included in each cluster.  To estimate PET, measurements were collected for 
temperature, humidity, and insolation.  Temperature and humidity were measured only at a 
single site on each hillslope (labeled as weather stations in Figure 3).  These sensors measure the 
average ambient air temperature and relative humidity every half-hour.  Wind speed is also 
measured at the weather stations but is not used in this paper.  On the NFS, insolation is 
measured with pyranometers for an intercanopy location (NI2), under a mountain mahogany 
shrub (NM2), and under a pine tree (NP2).  On the SFS, insolation is measured for an open 
location (SO2) and under a mountain mahogany shrub (SM2).  Insolation is not measured under 
a ponderosa pine tree on the SFS due to practical constraints.  The pyranometers measure the 
incoming solar radiation plus diffuse sky radiation (300 to 1100 nm wavelengths), reported as 
the total flux density for half-hour intervals.  Throughfall is measured at the same locations as 
insolation (labeled as “combo units” in Figure 3) using six-inch diameter tipping-bucket rain 




Figure 3. Relative locations of plants and instrumentation on the (a) SFS and (b) NFS, and 
TDR probe placement under (c) mountain mahogany and (d) ponderosa pine. Probes 
under those plants are oriented parallel and perpendicular to the topographic slope.  
Diagrams are not to scale 
 
and multiplying by the depth per tip (0.254 mm).  The manufacturer’s calibration of the rain 
gages was verified in the field. 
Details regarding the instrument positioning with respect to the plant dimensions are as 
follows.  The combo unit at NI2 was placed as far from surrounding trees as possible (about 1.2 
m away from the nearest drip line).  It is mounted well below the tree tops, which is why it is 
considered an intercanopy site.  The unit at NM2 is positioned less than 10 cm from the 
downslope side of the plant base.  The plant at NM2 stands about 1.3 m tall with a distance of 
approximately 50 cm between the base and the drip line.  The unit under NP2 is located 
approximately 35 cm northeast of the downslope side of the trunk.  The tree at NP2 extends to 
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roughly 10 m tall with a DBH of about 20 cm and a distance of approximately 1.5 m between the 
trunk and the drip line.  The unit at SO2 is placed as far from the nearest shrubs as possible and 
above the height of the surrounding shrubs (1 m), so it is considered an open site rather than an 
intercanopy site.  The combo unit at SM2 is positioned about 20 cm downslope from the plant 
base. The plant itself stands about 1.5 m tall with a distance of approximately 70 cm between the 
base and the drip line.  It appears to have denser canopy cover than the shrub at NM2. 
Shallow soil moisture (0-5 cm) is measured at the same types of locations.  On the NFS, 
soil moisture is measured at two intercanopy locations (NI3 and NI4), under a mountain 
mahogany shrub (NM3), and under a pine tree (NP2).  The probes at NI3 and NI4 are positioned 
as far away from surrounding trees as possible (roughly 70 cm from the closest tree canopy).  On 
the SFS, soil moisture is measured at an open location (SO3), under a mountain mahogany 
(SM3), and under a ponderosa pine (SP2).  The probe at SO3 is located as far from surrounding 
shrubs as possible with a distance of roughly 40 cm to the nearest shrub canopy.  Soil moisture is 
monitored under an under antelope bitterbrush, but those measurements are not used in this 
paper.  Soil moisture is also monitored at an additional open location on the SFS, but after 
installation, the site was determined to be too close to a drip line to be representative of open 
conditions. 
For all soil moisture sites under vegetation, multiple probes were installed as shown in 
Figures 3c and 3d.  For NM3 and SM3, the probes are located 8 and 30 cm from the plant base 
underneath the canopy.  The plant at NM3 extends to roughly 1.5 m tall and has a distance of 
about 65 cm between the base and the drip line.  The plant at SM3 also stands roughly 1.5 m tall 
and has a distance of about 70 cm between the base and the drip line.  For NP2 and SP2, the 
probes are located at 1/3 and 2/3 of the distance to the drip line (plant characteristics are given 
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earlier).  In all cases, the probes are positioned to radiate from the plant base both parallel and 
perpendicular to the topographic gradient. 
At each site, soil moisture is measured using time-domain reflectometry (TDR).  The 
waveforms are generated by Campbell Scientific TDR100s, and the probes are Campbell 
Scientific CS635 models with tines that were originally 15 cm long but were shortened to 5 cm. 
These probes were selected and modified because the tines have a larger diameter than the 
available probes with shorter lengths, which makes them more durable for the rocky conditions 
at the catchment.  The probes are inserted vertically from the ground surface.   
Soil moisture measurements are taken at an hourly interval, and winters are excluded to 
avoid the effects of snowpack and frozen soil. To determine frozen soil conditions, soil 
temperature probes were installed near soil moisture probes. Winter periods are identified as 
beginning at the first persistent occurrence of soil temperatures lower than 0°C and ending 20 
days following the last persistent occurrence of soil temperatures lower than 0°C to allow for 
snowmelt. 
The first season of waveforms (April to October 2011) was interpreted using the 
proprietary Campbell Scientific algorithm, but this algorithm had problems correctly interpreting 
low values of soil moisture.  These problems likely occurred in part due to the relatively long 
cable lengths that were necessary at the catchment (up to 7.5 m) (Noborio 2001).  After the first 
season, the TACQ algorithm (Evett, 2000) was used instead, but the first season was not 
reprocessed with TACQ because no waveforms were retained for that period.  The TACQ 
algorithm reduced the problems but did not remove them completely.   
Calibration equations were developed to relate the apparent dielectric permittivity 
(obtained from waveform interpretation) to volumetric soil moisture following the procedure 
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given by Evett et al. (2008). Because soil moisture measurements were taken using two different 
waveform interpretation algorithms, a separate calibration equation was developed for each 
algorithm. Also, because measurements were taken on hillslopes with some differences in their 
soil properties, a separate calibration equation was developed for each hillslope (giving a total of 
four calibration equations). To develop each calibration equation, the apparent dielectric 









) was measured using TDR probes at the field site and then compared to volumetric 
soil moisture determined from gravimetric measurements in lab. The volumetric soil moisture 
was then plotted against the square-root of the apparent dielectric permittivity, and the 
calibration equations were found from linear regressions. The calibration equations on the SFS 
are 0 .1 0 0 .1 2y x   (r
2
 = 0.99) for Campbell Scientific and 0 .1 1 0 .0 7y x   (r
2
 = 0.99) for 
TACQ where y is volumetric soil moisture and x is the square-root of the apparent dielectric 
permittivity. On the NFS, the calibrations equations are 0 .1 0 0 .0 9y x   (r
2
 = 0.99) for 
Campbell Scientific and 0 .1 1 0 .1 0y x   (r
2
 = 1.00) for TACQ. 
The TDR soil moisture data were then processed to identify and remove the errors that 
occurred under dry conditions.  The errors are easily identifiable.  When the soil moisture dries 




, the reported values sometimes rapidly increase to very large values without 





again in response to a rainfall event.  Due to the nature of the errors, the actual values of soil 




).  In addition, because the errors 
consistently occur at low soil moisture values, discarding them would bias statistics like 
averages.  Consequently, the incorrect values were removed from the dataset and replaced by 
linearly interpolating between the last preceding and next following reliable values or by 
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substituting the last reliable data value if the next reliable value is influenced by precipitation. 
The average percent of interpolated data amongst all probes for the entire period of data 
collection was 12% on the SFS and 13% on the NFS. Additionally, one period of data for the 
inner west lateral probe at SP2 was removed due to the probe being partially exposed above the 








To investigate differences in the throughfall received at the different location types, 
hourly throughfall rates at the north-facing intercanopy location (NI2), under mountain 
mahogany shrubs on both hillslopes (SM2 and NM2), and under the NFS ponderosa pine (NP2) 
were plotted against hourly rainfall rates in the open (SO2) (Figure 4). Periods where no 
precipitation was recorded at any of the gages were excluded from the analysis. Throughfall 
under vegetation sometimes occurs in the plots when the rainfall in the open is zero.  Such points 
usually occur when throughfall is delayed relative to the rainfall.  If throughfall is a constant 
fraction of rainfall, a clear linear relationship would occur between throughfall at a given 
location type and the rainfall at SO2. In all plots, however, considerable scatter occurs, which 
suggests that throughfall depends on other variables such as the intensity of rainfall, wind 
direction, and season (Ford and Deans, 1978; Beier et al., 1993). Linear regressions were 
performed (with intercepts that are forced to be zero) and are shown in the plots. For the forest 
intercanopy location (NI2), the slope of the linear regression suggests that throughfall is about 
58% of the rainfall at SO2. Under the mountain mahogany shrubs (SM2 and NM2), the slopes 
indicate that throughfall is roughly between 31% (SM2) and 44% (NM2) of rainfall. NM2 likely 
has higher throughfall than SM2 because it has noticeably sparser canopy cover. Because 
mountain mahogany shrubs are deciduous, seasonal differences in interception also occur under 
both SM2 and NM2. Although not shown in the figure, this effect is evident because the 
throughfall rates are more similar to the rainfall rates near the beginning and end of the season 
when canopy cover is reduced. Under the ponderosa pine (NP2), the slope suggests that 




Figure 4. Hourly throughfall rates (a) at the NFS intercanopy (NI2) location, (b) under the 
SFS mountain mahogany shrub (SM2), (c) under the NFS mountain mahogany shrub 
(NM2), and (d) under the NFS ponderosa pine (NP2) plotted against hourly rainfall rates at 
the SFS open (SO2) location 
 
 
relatively low coefficients of determination (r
2
), so the throughfall fraction varies widely 
between different time periods. 
Figure 5a examines the differences in the throughfall rates by directly plotting the 
average throughfall rate for each location when rainfall occurs.  It is important to note that the 
averages are a function of the rainfall rates that were observed during the study period and 
whether rainfall was observed at the other gages (in which case zero values are included).  Thus, 
they are meaningful primarily for comparison between the locations. The average rainfall at SO2 
(0.73 mm/hr) is similar to the average throughfall at NI2 (0.66 mm/hr). It is interesting that the 
ratio of these values (0.90) is so large when the linear regression between these locations 
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produced a slope of 0.58.  The apparent inconsistency occurs due to differences in the analysis 
methods, which can be illustrated by considering the case where throughfall only delays the flow  
 
Figure 5. (a) Average and (b) coefficient of variation of hourly throughfall rates during 
storms at the SFS open (SO2), NFS intercanopy (NI2), SFS mountain mahogany (SM2), 
NFS mountain mahogany (NM2), and NFS ponderosa pine (NP2) locations 
 
of water into the rain gage rather than reducing it.  In that case, the average throughfall rate 
would match the average rainfall at SO2 rate because the total depth and number of time periods 
are the same in both cases.  However, the regression slope would be less than one. Figure 5 also 
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shows that the average throughfall under mountain mahogany shrubs (SM2=0.29; NM2=0.40) 
and ponderosa pine (NP2=0.28) are much lower than SO2.  These results are more consistent 
with the regressions presented in the previous figure. 
The Wilcoxon rank-sum test (Beaumont and Knowles, 1996) was used to quantify the 
probability (P) that differences in throughfall between locations are only due to random sampling 
variation (LeBlanc, 2004). Specifically, the Wilcoxon test evaluates the null hypothesis that the 
two populations have the same distribution by analyzing the rankings of the data values in the 
two samples when they are combined into a single dataset.  Because the test considers the 
rankings of the data values rather than the actual values, it is more robust with respect to 
deviations from normality than tests for differences in the mean (such as the t-test).  The test 
does, however, require that samples are independent (LeBlanc, 2004). It is possible that 
throughfall rates are correlated in time, so the correlogram (which gives the autocorrelation 
coefficient between observations of the same sample at different lags) was determined for each 
location. If a time series is completely independent, then the autocorrelation coefficient for 95% 
of the lags beyond zero will fall within ± 1.96/√N where N is the total number of observations in 
a given sample (Chatfield, 1996).  This condition holds for all rain gauge data at the catchment, 
so independence is a reasonable assumption and the test can be used. The Wilcoxon test indicates 
that differences between NI2 and SO2 are more likely due to random sampling variation (P = 
0.66) than significant interception.  However, recall that the regression slope in Figure 4 
indicates a greater difference between NI2 and SO2 than the averages shown here.  The 
Wilcoxon test indicates low probabilities (P<0.05) that differences between rainfall in the open 
(SO2) and throughfall under both plant types are due to random sampling variation. Thus, both 
vegetation types intercept significant rainfall.  Additionally, the tests suggest that differences 
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between throughfall under mountain mahogany shrubs (SM2 and NM2) and ponderosa pine 
(NP2) are not likely due to random sampling variation (P < 0.05). 
Differences in the temporal variability of throughfall were analyzed by comparing the 
coefficient of variation at each location when rainfall occurs (Figure 5b). The coefficient of 
variation is similar for the rainfall in the open (SO2) and the throughfall at the forest intercanopy 
(NI2). The coefficient of variation for throughfall under the SFS mountain mahogany (SM2) is 
also similar to SO2, but the coefficient of variation is noticeably higher under NM2 and NP2. If 
throughfall is a simple portion of incoming rainfall, then the coefficient of variation is expected 
to be the same under vegetation as in the open (because both the mean and the standard deviation 
will be reduced).  However, the fact that throughfall under NM2 and NP2 has a higher 
coefficient of variation suggests that the presence of the canopy not only reduces the amount of 
water reaching the surface but also adds variability in that amount. This variability could occur if 
a location is shielded for some wind directions but not from others, for example due to the 
position the plant base relative to the rain gage or variations of the canopy structure. The rain 
gauge is relatively close to the trunk at NP2, which likely contributes to the higher variability in 
that case.  
Statistical tests are not available to directly evaluate whether differences in the coefficient 
of variation are statistically significant.  However, one can define new variables by dividing the 
throughfall rates by their sample averages.  The standard deviations of the new variables are 
equal to the coefficients of variation of the throughfall rates.  Then, one can apply tests that 
evaluate whether the differences in the variance of the new variables are statistically significant.  
The Levene test (LeBlanc, 2004) was used, which evaluates the null hypothesis that the average 
absolute deviation of the observation from the sample average is the same between two samples 
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(LeBlanc, 2004). While there is no completely satisfactory test for comparing measures of spread 
between non-normal samples, the Levene test is less sensitive to non-normal distributions than 
other tests such as the F-test (LeBlanc, 2004). Results from the Levene test indicate relatively 
high probability that differences between the coefficients of variation for SO2 and NI2 (P = 0.74) 
and SO2 and SM2 (P = 0.74) are due to random sampling variation, but lower probability that 
differences between the coefficient of variation for SO2 and NM2 (P = 0.23) and SO2 and NP2 
(P = 0.14) are due to random sampling variation.  The difference between the coefficient of 
variation for SM2 and NP2 is unlikely to be due to random sampling variation (P = 0.19), but the 
difference between NM2 and NP2 is associated with a higher probability (P = 0.48). 
4.2 PET 
To assess the effects of shading by the shrubs and trees on evaporation from the shallow 
soil, PET rates were calculated for each location type using the Priestley-Taylor method 
(Priestley and Taylor, 1972). The Penman-Monteith (Allen et al., 1998) method was considered 
but not chosen for several reasons. Most notably, it requires vegetation information in its 
equation, so it would produce differences in the PET values for the different locations in advance 
of any field measurements.  Thus, the Priestley-Taylor method was used to allow a more 
consistent comparison between sites. The Priestley-Taylor method assumes that radiation data 
are collected by level instrumentation and calculates the PET for a horizontal surface.  The 
insolation data used for the PET calculations are the values recorded by the pyranometers at the 
different location types.  Thus, the calculated values describe the PET under the canopy if 
present at the site.  The insolation data at the various location types are collected by level 
pyranometers, but the locations all have sloping surfaces. To account for the slopes, the observed 
radiation data were multiplied by the potential solar radiation index (PSRI), which is the ratio of 
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the insolation of the sloped surface relative to that of a horizontal surface at the same time and 
location. It depends on the topographic aspect and slope as well as the angle and position of the 
sun relative to the surface, which changes with the day of the year (Dingman, 2002). Coleman 
and Niemann (2013) calculated the slope and aspect on a 15 by 15 m grid throughout the 
catchment.  We used the values nearest to the instrumentation on each slope to calculate the 
PSRI for this analysis.   
Figure 6 shows the hourly PET rates at the forest intercanopy (NI2), the SFS mountain 
mahogany (SM2), the NFS mountain mahogany (NM2), and the NFS ponderosa pine (NP2) 
locations plotted against hourly PET rates at the SFS open location (SO2).  The figure also 
shows linear regressions that were fitted to the observations (with intercepts that are forced to be 
zero). PET rates at NI2 are lower than those at SO2, and the regression slope indicates that NI2 
PET is generally about 22% of that in the open. Similar to NI2, PET rates under both NM2 and 
NP2 are lower than at SO2, and the regression slopes indicate that PET is generally reduced to 
22% of the PET at SO2 at both locations. PET under SM2 is also usually lower than the PET at 
SO2, but it is higher than all of the NFS sites (35% based on the regression slope). The lower 
values of PET for NI2, NM2, and NP2 are due to both shading by the canopy and the orientation 
of the hillslope away from the sun (i.e. lower PSRI values). However, the mean relative error 
between PET rates calculated with and without PSRI is only 10% (averaged for all locations), 
suggesting that shading is the primary cause of the reduction in PET. Some of the scatter in the 
plots is related to changes in the sun angle between different times of day and different times of 
year. On the SFS, PET rates under the mountain mahogany shrub are most similar to SO2 during 
periods of the year when leaf cover is minimal and the angle of the sun is low (at the beginning 




Figure 6. Hourly PET rates (a) at the NFS intercanopy (NI2), (b) under the SFS mountain 
mahogany SFS (SM2), (c) under the NFS mountain mahogany (NM2), and (d) under the 
NFS ponderosa pine (NP2) plotted against PET rates at the SFS open (SO2) location 
 
open sections of the SFS.  In contrast, on the NFS, the PET values are most similar to SO2 near 
the summer solstice when the angle of the sun is highest. Due to the taller and denser canopy on 
this hillslope, higher sun angles tend to reduce the canopy cover that the radiation encounters.  
These periods are especially noticeable in the split that occurs for SO2 PET rates higher than 
about 0.50 mm/hr
 
in Figures 6c and 6d. 
Figure 7a shows the average hourly PET rate (including both day and night) for each 
location. The average PET at NI2 (0.05 mm/hr) is much lower than the average PET at SO2 




Figure 7. (a) Average and (b) coefficient of variation of hourly PET rates at the SFS open 
(SO2), NFS intercanopy (NI2), SFS mountain mahogany (SM2), NFS mountain mahogany 
(NM2), and NFS ponderosa pine (NP2) locations 
 
PET rates at both NM2 and NP2 are nearly identical to that at NI2.  This similarity suggests that 
the shading at a particular location on the NFS does not depend strongly on the canopy that is 
directly above the location  (which differs between the NFS locations).  Instead, it depends on 
the canopy that shades the location from all the relevant sun positions throughout the day and 
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year (which is likely similar among the NFS locations).  The average PET under SM2 (0.09 
mm/hr) is also less than half of SO2 but larger than all locations on the NFS, which is also 
consistent with regression slopes. Tests for significance were not applied to the average PET 
because the PET data have significant autocorrelation for long periods of time and therefore 
violate one of the primary assumptions of the Wilcoxon test. 
Figure 7b shows the coefficient of variation for the PET rates at each observed location. 
The highest coefficients of variation occur for the NFS locations (NI2, NM2, and NP2).  Thus, 
the canopy not only reduces PET at these sites but also adds variability due to fluctuations in 
shading during different times of the day and year. NP2 has the highest coefficient of variation, 
which may be due to the placement of the pyranometer near the trunk (causing longer periods of 
shading at certain angles of the sun). The coefficient of variation under SM2 is also higher than 
at SO2 but lower than locations on the NFS.  This lower value is expected because the site also 
experiences less shading on average. Due to the autocorrelation in the PET data, the Levene test 
was not applied. 
 
4.3 Soil Moisture 
To examine the dynamics of shallow soil moisture under and between vegetation, soil 
moisture at forest intercanopy locations (NI3 and NI4), under mountain mahogany (SM3 and 
NM3), and under ponderosa pine (SP2 and NP2) are plotted against the soil moisture at the SFS 
open location (SO3) in Figure 8. The plotted soil moisture values under vegetation are the 
average of the observations from all TDR probes under each plant. In all plots, distinct bands of 
points are visible, which are associated with drying periods following rainfall events. For both 





 at SO3).  This result may occur because the NFS intercanopy consistently receives 
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much less insolation than the SFS open site as observed earlier.  Thus, ET is expected to be 
lower during inter-storm periods, which would help maintain higher soil moisture values under 




 at SO3), distinct 
behaviors are observed for NI3 and NI4. While the soil at NI3 is usually wetter than the soil at 
SO3, the soil at NI4 is usually drier than SO3 for wet conditions. Earlier results showed that 
throughfall is a little lower at the NFS intercanopy than in the SFS open, but the magnitude of 
the reduction was inconsistent between the analysis methods.  Here, the behavior of the soil 
moisture at NI3 suggests it receives nearly the same throughfall as the SFS open location, which 
helps maintain the wetter conditions.  In contrast, the drier conditions at NI4 suggest that some 
interception might be occurring from the surrounding canopy at this soil moisture probe.  
Considering the mountain mahogany, the soil under SM3 is usually wetter during dry conditions 
due to shading, but can be both wetter and drier than at SO3 during wet conditions.  The 
diversity of behavior for wet conditions may be due seasonal differences in interception 
associated with varying leaf cover. The soil under NM3 is wetter during dry conditions (again, 
likely due to shading effects) but is generally drier during wet conditions (likely due to 
interception). NM3 might behave differently from SM3 because this location is also affected by 
the surrounding ponderosa pine canopy, which can produce interception when the deciduous 
leaves are absent. Soil moisture under both SP2 and NP2 generally follows a pattern that is 
similar to NM3, where the soil under the canopy is wetter during dry conditions and drier during 
wet conditions (in comparison to the open location). The combined effect of these tendencies is 
to reduce the range of variation in soil moisture under both plant types.  The reduced range is 
confirmed in the extreme values of soil moisture. While the lowest values of soil moisture in the 








Figure 8. Soil moisture (a) at the east NFS intercanopy location (NI3), (b) at the west NFS 
intercanopy location (NI4), (c) under the SFS mountain mahogany (SM3), (d) under the 
NFS mountain mahogany (NM3), (e) under the SFS ponderosa pine (SP2), and (f) under 
the NFS ponderosa pine (NP2) plotted against soil moisture at the SFS shrub intercanopy 
(SO3) location 
 




, but the highest values 





The net effects of shading and interception can be seen in the average soil moisture at 
each observed location (Figure 9a). For locations where data were collected from more than one 
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TDR probe (under vegetation), the value that is displayed is the average of the averages for each 
probe. The error bars show the spatial standard deviation of the averages for each probe. The 
average soil moisture at the SFS open location (SO3) is the driest amongst all observed locations.  
The average soil moisture value at one NFS intercanopy location (NI3) is much higher than SO3, 
while the average at the other such location (NI4) is nearly identical to SO3.  The relatively wet 
conditions at NI3 are consistent with earlier results that showed this site is consistently wetter 
than SO3. The similarity in the averages of NI4 and SO3 are also expected because NI4 is wetter 
than SO3 under dry conditions and drier than SO3 under wet conditions.  The average soil 
moisture under all vegetation types (SM3, SP2, NM3, and NP2) is higher than SO3.  Thus, the 
effect that shading has in increasing the soil moisture is on average stronger than the effect that 
interception has in reducing the soil moisture for the conditions considered. 
The Wilcoxon test was used to estimate the probability that differences in the soil 
moisture between locations are due only to random sampling variation. Because hourly soil 
moisture observations are not independent, the tests were performed by considering soil moisture 
values from a subset of times that are each separated by 17 days.  This length of time was found 
to be sufficient to produce independent observations.  At locations where data were collected 
from more than one TDR probe (under vegetation), observations from all probes were averaged 
for each time step to yield one sample for that location type. Wilcoxon tests were performed on 
the averaged sample. The Wilcoxon tests indicate low probability (P < 0.05) that differences 
between the soil moisture at the SFS open site (SO3) and all other locations except NI4 (P = 
0.31) are due to random sampling variation. Thus, the wetter conditions that are observed under 




Figure 9. (a) Average and (b) coefficient of variation of soil moisture at the SFS 
intercanopy (SO3), east NFS intercanopy (NI3), west NFS intercanopy (NI4), SFS 
mountain mahogany (SM3), SFS ponderosa pine (SP2), NFS mountain mahogany (NM3), 
and NFS ponderosa pine (NP2). For locations having more than one soil moisture probe 
(under vegetation), the average and coefficient of variation were averaged for all samples. 
Error bars show the standard deviation of the average and coefficient of variation under 
each plant 
 
the differences between NI3 and NI4 (P < 0.05) and NI3 and NP2 (P = 0.08) are due to random 
sampling variation. However, higher probabilities exist between NI3 and SM3 (P = 0.64), NI3 
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and SP2 (P = 0.27), NI3 and NM3 (P = 0.17), SM3 and SP2 (P=0.72), and NM3 and NP2 
(P=0.42).  Thus, differences in the soil moisture of intercanopy, mountain mahogany, and 
ponderosa pine locations remain uncertain. 
Figure 9b shows the temporal coefficient of variation for each location.  The coefficient 
of variation at both NFS intercanopy sites (NI3 and NI4) is lower than that at SO3.  Similarly, 
the coefficient of variation for all sites under vegetation (SM3, SP2, NM3, and NP2) is lower 
than that at SO3.  These results are expected from the reduced ranges in soil moisture values that 
were documented earlier.  Nonetheless, it is interesting that the soil moisture is more stable under 
vegetation even though the throughfall rates and PET rates, which help determine soil moisture, 
are usually more variable.  To assess the significance of the differences in Figure 9b, Levene 
tests were performed.  Similar to the Wilcoxon test, the Levene tests were performed on the 
spatially-averaged soil moisture sample for location types with multiple TDR probes (under 
vegetation). The results give relatively low probabilities that differences between SO3 and NI3 
(P = 0.06), SO3 and NI4 (P = 0.21), SO3 and SM3 (P = 0.10), SO3 and SP2 (P < 0.05), SO3 and 
NM3 (P < 0.05), and SO3 and NP2 (P = 0.09) are due to random sampling variation. The tests 
give higher probabilities that differences between NI3 and NI4 (P = 0.20), NI3 and SM3 (P = 
0.55), NI3 and SP2 (P = 0.72), NI3 and NM3 (P = 0.60), and NI3 and NP2 (P = 0.74) are due to 
random sampling variation. Tests between plant types also give higher probabilities that 
differences between SM3 and SP2 (P = 0.37) as well as between NM3 and NP2 (P = 0.45) are 
due to random sampling variation.  Thus, the results strongly suggest that the vegetated and 
intercanopy locations have lower coefficients of variation than the open site, but the differences 




The spatial standard deviation of soil moisture under each plant is shown by the error 
bars in Figures 9a and 9b. The standard deviations are relatively large (Figure 9a ~ 0.02; Figure 
9b ~ 0.10), signifying that there can be considerable differences in soil moisture dynamics under 
individual plant canopies. To investigate whether proximity to the plant base plays a role, the 
average and coefficient of variation of soil moisture for the inner locations were compared to 
those for the outer locations.  However, no consistent patterns were found. To investigate 
whether the position relative to the topographic slope plays a role, the average and coefficient of 
variation of soil moisture at upslope locations were compared to those calculated for downslope 
locations under each plant. Although no consistent spatial patterns were found on the SFS, the 
average soil moisture on the downslope side of the SFS ponderosa pine is much higher than 
upslope locations, which may be due to stemflow. Conversely, soil moisture on the downslope 
side of NFS vegetation is lower than soil moisture on the upslope side, similar to results from 
Pariente (2002) which were attributed to variations in the abundance of rock fragments. In the 
present case, this difference may be due to the accumulation of litter on the upslope of NFS 




CHAPTER 5 MODEL ANALYSIS 
 
 
In order to understand the connections between the throughfall, PET, and soil moisture 
observations, a simple conceptual model is applied to simulate the soil moisture records. In this 
analysis, the parameters associated with interception and shading at each observed location are 
inferred from the soil moisture observations. The selected model was presented previously by 
Niemann and Eltahir (2004) and Tripp and Niemann (2008).  It simulates local, depth-averaged 










     (1) 
where   is volumetric soil moisture, which is assumed to be constant within the soil layer being 
considered, t  is the time step,   is the depth of soil layer being considered, F is the 
infiltration rate, E is the ET rate, and G is the drainage from the base of the soil layer. Although 
it is possible that lateral flow also influences soil moisture in some cases, it is not included 
because  Coleman and Niemann (2013) showed that this process is not important at the Cache la 
Poudre catchment. 
Infiltration F  is determined as the smaller of the soil’s infiltration capacity 
c
F  and the 
portion of rainfall that reaches the soil layer and is determined from:   
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The infiltration capacity is defined as  1 /
c s
F K     
 
where   is an infiltrability 
parameter,   is the soil porosity, and 
s
K  is the saturated hydraulic conductivity. Consequently, 
c s
F K  when the soil is saturated and 
c s
F K   when the soil is completely dry.  The rainfall 
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that reaches the soil layer is P  where   represents the proportion of rainfall that reaches the 
litter cover (i.e. the throughfall fraction),   represents the portion of throughfall that is retained 
by the litter (where it is assumed to evaporate), and P  is the rainfall rate. The inclusion of  and 
  is a modification of Tripp and Niemann (2008), who neglected canopy and litter effects at 
their open application sites. 
ET from the soil layer is modeled using two different approaches. The first approach, 
which is referred to as the nonlinear ET model, follows Tripp and Niemann (2008) and models 










  (3) 
 where 
p
E  is the PET and   is an ET exponent. This expression implies that ET is equal to 
p
E  
when the soil is saturated and zero when the soil is completely dry.   controls the impact of any 
soil moisture limitation on ET, where lower values correspond to higher ET rates for a given  .  
Lowry (1959) summarized the results of several studies examining the relationship between ET 
and the degree of soil saturation. Put together, the studies find that the relationship is controlled 
by soil and vegetation characteristics. In a fully vegetated area, the ET remains close to the PET 
for all soil moisture conditions except for very dry conditions (Pierce, 1958), which is 
represented by 1  . Similarly, Entekhabi et al. (1992) set 0 .5   to represent the presence 
of vegetation in a sub-humid climate. For soil conditions where root-water uptake is likely not as 
significant, such as bare soil, soils with deep-rooted crops, or soil covered by mulch of dead 
vegetation, the ET decreases more rapidly from the PET as the soil moisture decreases (Lowry, 
1959), which is represented by 1  .  This ET model does not explicitly account for shading of 
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the soil surface.  If 
p
E  is specified as the PET above the vegetation canopy (i.e. without any 
shading effects), than any shading effect will be accounted for in the calibrated values of  . 
 The second approach, which is referred to as the linear ET model, includes a parameter 







  (4) 
where   is a parameter that represents the portion of the PET that is available to the soil layer. 
This approach differs from the nonlinear model in two ways.  The first difference from the 
nonlinear model is that the moisture limitation effect is linear ( 1  ), which is an 
approximation derived from the behavior of this parameter as described earlier.  The second 
difference is the inclusion of  , which allows more direct consideration of shading.  It should be 
noted that   is not equivalent to the fraction of the insolation reaching the ground surface.  
Shading only affects the insolation, which is embedded in the PET variable.  In addition, if roots 
are present in the modeled soil layer, then some insolation that strikes the canopy can still 
produce ET from the soil layer.   










  (5) 
which can be derived by assuming percolation and using the Campbell (Campbell, 1974) 
equation to describe the unsaturated hydraulic conductivity.  In such a case,   is the pore 
disconnectedness index. 
s




The model was applied to each location with a TDR probe for the period between April 
2012 and November 2012. This season was selected because it contains the most complete soil 
moisture data. The model requires four characteristics that can be constrained by observations:  
 ,  , 
s
K , and  . Because soil moisture observations are taken for the top 5 cm of the soil,  is 
set to 5 cm. Porosity can be found from  1 /b p     where b  is the bulk density and p  is 
the particle density.  Bulk density was estimated near the instrumentation on each hillslope and 
found to be 1.48 g/cm
3
 for the SFS and 1.40 g/cm
3
 for the NFS.  Using a commonly-assumed 
value of 2.65 g/cm
3
 for particle density (Jury and Horton, 2004), the porosity can be estimated to 
be 0.44 for the SFS and 0.47 for the NFS. The saturated hydraulic conductivity and pore 
disconnectedness index were estimated by using the soil texture data and the multivariate 
pedotransfer functions developed by Cosby et al. (1984).  A possible disadvantage to using those 
functions is that they do not account for the abundance of very large particle sizes in the soil, 
which are common at this site.  The calculated values for 
s
K and   at all locations (Table 1) are 
typical for sandy loam (Cosby et al., 1984; Carsel and Parrish, 1988; Dingman, 2002), which is 
the most prevalent soil type in the catchment. On the SFS, both the saturated hydraulic 
conductivity and pore disconnectedness index are similar for soil under and between vegetation. 
Under the NFS forest canopy (NP2), the saturated hydraulic conductivity is slightly lower than 
the other sites.  Because soil texture was only characterized under mountain mahogany (SM) and 
ponderosa pine (NP2), the hydraulic parameters from those sites were applied to simulate soil 
moisture under the same plants on both hillslopes.  To test this assumption, soil moisture under 
SP2 was also simulated using the hydraulic characteristics from SM, but this change had little 
effect on the results. 
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Five parameters ( ,  ,  ,  , and  ) were calibrated to minimize the disagreement 
between the simulated and observed soil moisture values.  In order to allow the calibrated 
parameters to infer the influence of vegetation from the soil moisture dynamics, the model at all 
locations was forced with hourly rainfall and PET data from the open location (SO2) and the 
parameters were allowed to differ for each site. To calibrate the model, 250 initial parameter sets 
were randomly generated from uniform distributions within the feasible ranges for each 
parameter. The feasible range for   was taken from Tripp and Niemann (2008), and the feasible 
range for   was taken from Coleman and Niemann (2013) who also used a model with this 
parameter. The feasible ranges for  ,  , and   were chosen to be 0 to 1, which represents all 
possible conditions.  Because   and   have the same mathematical effect in the model, two 
assumptions are needed to distinguish their roles.  First,   is assumed to be the same at all 
simulated locations.  This assumption likely underestimates the effect of litter cover under 
vegetation because litter cover is likely thicker in those locations.  Second,   is assumed equal 
to one at the SFS open location (SO3) because canopy cover is minimal at this location.  Under 
these assumptions,   can be calibrated at SO3 (where   = 1) for each ET formulation and used 
at all locations.  Then,   can be calibrated for each remaining location.  In all cases, the 
calibrations are performed by modifying the randomly generated parameter sets to minimize the 
root mean square error (RMSE) between the simulated and observed soil moisture time series. 
Other objective functions such as the Nash-Sutcliffe coefficient of efficiency and mean absolute 
error were considered, but the calibrated parameters are relatively insensitive to the particular 
objective function used.  After calibration at a given location, all initial values of  ,  ,  , and 
  typically converge to the same final values. In cases where more than one final value is 
obtained, the value associated with the lowest RMSE is taken. The final value of   does not 
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affect the model results because the maximum precipitation rate for the period of simulation 
(13.46 mm/hr) is lower than the saturated hydraulic conductivity at all locations.  Using the 









. Using the linear model, the values of RMSE averaged 









The calibrated values for   (0.48 for the nonlinear model; 0.51 for the linear model) 
indicate that a significant portion of rainfall is captured by litter cover and never reaches the soil.  
The rainfall amounts are generally small during the simulated period, so it is possible that a large 
portion of the throughfall is lost before reaching the soil layer, but this fraction is higher than 
expected.   It is possible that this loss also includes water that enters macropores and quickly 
drains to deeper layers (and thus does not appear in the 0-5 cm soil moisture values).  Both the 
rainfall and soil moisture measurements were verified in the field, so it is unlikely that the 
difference is due to measurement errors. 
The calibrated values of   using the nonlinear ET model and the linear ET model are 
shown in Figure 10a and 10b, respectively.  For locations under vegetation where more than one 
location is simulated, the columns and error bars show the average and standard deviation of the 
calibrated values, respectively.  The values for   are very similar between the two modeling 
approaches. In both methods, the values for   at NI3 and NI4 differ substantially from each 
other.  While the values at NI3 (0.57 for the nonlinear model; 0.72 for the linear model) are more 
similar to the regression slope between the throughfall rates at NI2 and SO2 that was presented 
earlier (0.58), the values at NI4 are lower (0.27 for the nonlinear model; 0.24 for the linear 
model).  The lower values suggest that a larger amount of rainfall is being intercepted by the 




Figure 10. Calibrated values for (a)   using the nonlinear ET model, (b)  using the linear 
ET model, (c)   using the nonlinear ET model, and (d)   using the linear ET model at the 
SFS intercanopy (SO3) location, east NFS intercanopy (NI3), west NFS intercanopy (NI4), 
SFS mountain mahogany (SM3), SFS ponderosa pine (SP2), NFS mountain mahogany 
(NM3), and NFS ponderosa pine (NP2) locations. Where more than one location was 
simulated (under vegetation), the columns show the average parameter values, and the 
error bars show the spatial standard deviation of the calibrated parameter values 
 
values for SM3 (0.50 for the nonlinear model; 0.53 for the linear model) are larger than the 
regression slope between throughfall at SM2 and SO2 (0.31).  In contrast, the average values for 
  at NM3 (0.29 for the nonlinear model; 0.23 for the linear model) are lower than the regression 
slope at NM2 (0.44).  All estimates of the throughfall fraction for mountain mahogany fall within 
the range of roughly 25% to 50%.  The average values of   under the ponderosa pines are 
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similar to those under the mountain mahogany, but they fall within a narrower range.  The 
average values for   at SP2 (0.35 for the nonlinear model; 0.36 for the linear model) and NP2 
(0.32 for the nonlinear model; 0.31 for the linear model) are only slightly lower than the 
regression slope between NP2 and SO2 (0.41).  Overall, the throughfall fractions that are 
inferred from the soil moisture observations are similar to the values estimated from the rain 
gauge data after accounting for the loss associated with the litter layer (  ). 
Figure 10c shows the calibrated values for  , which is used in the nonlinear ET model, at 
each location. The value for   at SO3 is lower than all other locations, which implies that this 
location has higher ET rates for a given soil moisture than the other locations.  The values for   
at all other locations are all greater than one.  Initially, this result is surprising because Pierce 
(1958) and Entekhabi et al. (1992) suggest that, for vegetated locations,   is less than one and 
smaller than for bare soil. However, the apparent contradiction can be explained by the shallow 
depth considered here.  For shallow soil moisture, soil evaporation is the primary component of 
ET.  When vegetation is present, ET is reduced due to the shading, which requires  >1.  If a 
deeper soil layer is considered, transpiration might be the primary component of ET.  In that 
case, the presence of vegetation would increase ET relative to a bare location, which would 
imply  <1.  It is interesting that the   value at SM3 is similar to the other sites because the 
PET under the SFS mountain mahogany was about double the PET for the sites on the NFS.  The 
similarity suggests that the soil moisture probe locations at SM3 might receive less insolation 
than the pyranometer for under the SFS mountain mahogany.  Overall, however, the observed 
soil moisture dynamics are consistent with the notion that shading from vegetation reduces the 
ET loss from the shallow soil layer.   
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The calibrated values for  , which is used in the linear ET model, are shown in Figure 
10d. The value for   at SO3 (0.83) is the highest among all locations.  The high value is 
expected because no shading occurs at this location, and it suggests a large portion of the total 
PET is utilized for ET from the modeled soil layer.  The value of   also likely depends on the 
assumption that 1   (Lowry (1959) reports 1  for areas of bare soil). The   values at all 
other locations are considerably lower, indicating that much less of the PET is used for ET from 
the modeled soil layer. The values for   at both intercanopy locations (0.37 at NI3 and 0.27 at 
NI4) are a bit larger than the regression slope between the PET at NI2 and SO2 (0.22). 
Considering the mountain mahogany, the average   values for SM3 (0.34) and NM3 (0.20) are 
very close to the regression slopes between PET rates at SM2 and SO2 (0.35) and NM2 and SO2 
(0.22), respectively.  All estimates of   for the mountain mahogany locations fall within the 
range from 0.20 to 0.40.  The average values of   under the ponderosa pines are similar to those 
under the mountain mahogany, but they fall within a narrower range. The average values for   
at SP2 (0.25) and NP2 (0.28) are slightly higher than the regression slope between NP2 and SO2 
(0.22).  Altogether, the values for   that are inferred from the soil moisture observations are 
similar to the values estimated from the regressions of the PET data, which were based on the 
differences in insolation.  Overall, the modeling results suggest that the differences in the soil 
moisture dynamics between the locations can largely be explained by the observed differences in 
throughfall and insolation.  
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CHAPTER 6 CONCLUSIONS 
 
 
 Several conclusions can be drawn from the results of this study. In the study catchment, 
interception has the strongest effect at locations that are directly under plants, but it also affects 
forest intercanopy locations.  A majority of the rainfall at the NFS intercanopy location becomes 
throughfall, but the amount is inconsistent between calculation methods (a regression slope vs. 
the ratio of the average values).  Throughfall fractions inferred from the soil moisture model 
suggest that lower throughfall rates might also occur in some cases.  Under the mountain 
mahogany and ponderosa pines, a minority of rainfall becomes throughfall.  A rough estimate is 
that 25% to 50% of rainfall becomes throughfall for the conditions observed.  The throughfall 
under the plants is significantly less than the throughfall in the forest intercanopy, but differences 
in the throughfall between plant types are inconsistent between analysis methods and not 
statistically significant. 
 Shading is important and similar for all locations considered on the NFS including 
locations both under plants and between plants.  The similarity among these points is due to the 
relatively thick canopy cover on this hillslope and the wide variety of sun angles that occur 
throughout the day and season.  PET at the NFS forest intercanopy is only about 20% of the PET 
for the SFS open site, and this reduction is mainly due to shading rather than hillslope 
orientation.  The lower PET on the NFS is relatively consistent between analysis methods.  PET 
under the NFS mountain mahogany and ponderosa are also about 20% of the PET at the SFS 
open site.  This reduction is also consistent between analysis methods. 
 Less shading can occur under the SFS mountain mahogany than for the locations on the 
NFS, but shading is still important.  PET under the SFS mountain mahogany is about 40% of the 
PET for the SFS open site. This percentage is higher than the other vegetated sites, and the 
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increase is consistent between analysis methods.  It suggests that insolation is able to reach under 
the shrub for certain sun angles due to the short and sparse canopy on this hillslope.  However, 
the model parameter   for the SFS mountain mahogany is similar to the values for the other 
vegetation sites, which indirectly suggests that shading under other SFS mountain mahogany 
shrubs might be similar to the NFS. 
 Shallow soil moisture values at NFS intercanopy locations are higher than the SFS open 
site for dry conditions.  This result is likely due to the shading that was described previously.  
Any difference between the NFS intercanopy and SFS open sites under wet conditions is 
inconsistent, which is likely due to spatial variations in throughfall at the NFS sites.  Differences 
in the average soil moisture between the NFS intercanopy and SFS open sites are also 
inconsistent, but the NFS intercanopy sites are the same or wetter on average than the SFS open 
site. 
 Shallow soil moisture under all vegetation types considered is typically greater than soil 
moisture at the SFS open site for dry conditions and smaller than the SFS open site for wet 
conditions.  This result is consistent with the lower throughfall and PET rates that occur under 
vegetation than in the open. Average shallow soil moisture is higher under all vegetation types 
than in the open.  This result implies that the shading effect that occurs at this catchment is 
stronger than the interception effect for the conditions studied.  No consistent patterns were 
found for the soil moisture observed at different locations under an individual plant. 
 In contrast to values suggested in the literature,   is consistently higher under vegetation 
than at the open site.  For a given soil moisture, vegetated sites have lower ET due to shading, 
which is represented by a higher  .  This behavior is likely associated with the shallow soil 
layer considered, which is more affected by soil evaporation than root water uptake. 
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These conclusions have several implications. In water-limited ecosystems, patchy 
distributions of vegetation are commonly observed with shallow soils that are typically wetter 
underneath the canopy than between the canopy, suggesting that a positive feedback exists 
between plants and soil moisture (D'Odorico et al., 2007). This feedback can affect the 
composition and structure of vegetation communities in semiarid environments, where wetter 
conditions underneath the canopy facilitate seedling establishment and growth (Lejeune et al., 
2002). In many dryland ecosystems, for example, the density of woody plant cover is increasing, 
which may be due to the ability of plant communities to stimulate favorable growing conditions 
(McClaran and Angell, 2007; Potts et al., 2010). Therefore, understanding the feedback between 
shallow soil moisture and woody vegetation can help reduce the negative impacts of woody plant 
encroachment (Ratajczak et al., 2012) and yet increase the ability of land managers to stimulate 
reforestation. In contrast, the feedback between shallow soil moisture and vegetation is also 
related to desertification, which can be stronger in dryland ecosystems than in more mesic 
environments (D'Odorico et al., 2007). Thus, dryland ecosystems are more prone to 
desertification when abrupt changes occur in the distribution of vegetation (via natural or 
anthropogenic disturbances).  In order to meet the challenges facing water-limited ecosystems, 
then, it is critical that a greater understanding of the interactions between woody vegetation and 
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